ABSTRACT: Initiation of a plasma conduction state requires a relatively large voltage to ionise the gas. A new version of the series resonant converter is identified which uses the magnetising inductance of the transformer for resonance. This converter is not suitable for most power supply applications, but the unique load characteristics associated with plasma loads make this type of converter well suited for arc striking, while allowing safe operation during the plasma state. Both these converter characteristics are obtained with minimum controller complexity. The series resonant converter is verified experimentally in a Tungsten Inert Gas welding application.
be connected in series or in parallel and depending on the application requirements the converters can be AC, DC or any combination. The electric arc finds wide spread application ranging from electro heating to lighting applications. Common to these applications is the fact that a high initial voltage is required to ionise the gas before the plasma state can commence. Once ionised, the arc is maintained by supplying current at a reduced voltage. In lighting applications, a heating filament is often introduced to reduce this striking voltage, but such an approach is not practical in electro heat applications such as welding and arc furnaces. f; f;
(b) An DC high current converter and an AC high voltage converter.
(e) An AC high current converter and an DC high voltage converter.
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Such a power supply must thus be able to provide both output as shown in F~~. J . n i s is an inconvenient situation when using a single power electronic converter, since the switching devices must be dimensioned to block the current. An alternative is to use two separate converters; The diodes and transformer secondaries need to be rated to carry both the high voltage and the large current in some of the topologies. AC sources can be decoupled by including filters using an inductor L and capacitor C as indicated in some of the circuits.
For the arc welding application the high voltage converter must be a high frequency AC for safety reasons [ 11. The transformer not only steps up the voltage, but also provides the very important mains isolation. Of the four possible candidate high voltage AC topologies, (Fig. 2b , 2d, 3b and 3d), the series connections shown in Fig. 2b and 2d are preferred for the following two reasons: In this paper a high frequency AC source is described which can be used in any of the above four topologies. Many converter topologies suitable for providing the high current low voltage converter can be found in the literature [4, 5, 6] , and include high frequency switching converters, and also high leakage inductance line frequency transformers.
The electric arc presents a load that varies from a very high impedance value during the ionisation or arc striking interval to a low impedance, which may approach an effective short circuit in the presence of an arc plasma. The high voltage converter therefore has to cater for a large load impedance variation. The series connected topologies shown in Fig. 2b and 2d, in addition require a secondary winding of the output transformer which has to carry full welding current. In order to keep the 12R losses down to an acceptable value the number of secondary turns on the transformer needs to be minimised.
Consequently the high voltage arc striking converter is operated at the maximum possible frequency.
SELECTION OF A SUITABLE CONVERTER TOPOLOGY
The high voltage low current resonant converter will typically be sourced by the utility grid, therefore a clamped voltage, voltage sourced series resonant topology in the half bridge configuration is therefore preferred. The series connected circuits of Fig. 2b and Fig. 2d . lend themselves to using the quality factor of a series LC circuit to build up the large voltage required for arc striking. A series resonant converter [2,3], operated close to resonant can generate a large voltage across the capacitor and inductor.
Three different possibilities exist, namely:
-series loaded, series resonant (Fig. 4a) , -parallel capacitive loaded, series resonant (Fig. 4b) , and -parallel inductive loaded, series resonant (Fig. 4c) l.
The series resonant converter Fig. 4a can operate at zero load [4] , but cannot provide a high output voltage during no load. The parallel capacitive loaded converter Fig. 4b can provide a high zero load output voltage, but suffers from increased current during plasma operation if the switching frequency remains constant [4] . It also needs two large capacitors to split the supply, and an external inductance.
The parallel loaded converter Fig. 4c is the preferred topology because the magnetising inductance of the transformer is used as the resonant inductor, thus reducing the number of components. At first glance the series resonant converter of Fig. 4c may not seem to be short circuit proof, but consider the following:
CONVERTER CIRCUIT.
The core of the transformer is saturated by the high current which maintained the arc during the plasma state, which means the resonant frequency is increased. If the switching frequency is kept constant the converter will operate well below resonant frequency. The energy, the current and voltage in the resonant LC tank will therefore be small, and overall losses in the converter are in fact reduced. A high frequency AC arc striking converter has been connected in series to a AC high current converter using the series resonant converter of Fig. 4c . The diagram of the proposed circuit is shown in Fig. 5 . The secondary winding carries a large current of up to 180A and to minimise the number of secondary turns and ohmic losses, the switching frequency was set to 5OOkHz. The heating of the ferrite core was controlled by operating the arc striking converter at a reduced duty cycle.
The operation of the circuit can be modelled by assuming that the output load is either an open circuit or a short circuit in which case a simplified equivalent circuit as indicated in Fig. 6 . can be used. blsh is essentially only the magnetising inductance (Lm in Fig.5 ) of the transformer during the no load condition (Ionisation mode), when which the core is unsaturated. bow is the effective resistance presented by transformer when the arc plasma is present and a large current flows in the secondary which saturates the core. The value of bow is determined by the leakage inductance (Lrr in Fig.5 ) is associated with the plasma conduction mode. V , = QL (4) with V, the supply voltage, and Q the quality factor of the resonant circuit. The cross sectional area and the switching frequency is related to the number of primary turns, in the following way:
with f the switching frequency which is close to the resonant frequency , km the cross sectional area of the core being used, and B, the relevant maximum operating flux density. The magnetising inductance associated with the primary winding is simply calculated as follows:
with po the permeability of free space, p, the relative permeability of the core material, 1, the core length, and lg the air gap. Combining ( 5 ) and (6) results in
with K, and I(2 being the relevant constants. Substituting (7) into the quality factor the following can be obtained:
Therefore, a linear rise in the resonant frequency causes a decaying quality factor. The minimum switching frequency that is safe for the operating in the tungsten welding application is 500 kHz [l] .
To reduce the losses in all the components without losing performance, the circuit is controlled in a burst mode fashion. The capacitor voltage starts from zero and builds up to a predetermined voltage, which is determined by the Q of the circuit. The converter is switched off, and the output voltage oscillation decays exponentially to zero. From (2) it can be seen that the envelope in which the output voltage will build up will be given as followed: Iv. EXPERIMENTAL RESULTS.
An experimental circuit is been built to verify the simulated results. Fig3 shows a diagram of the control circuit that is been used. The output voltage of the converter is measured, and rectified. It is then compared to a predetermined voltage. After the output voltage reaches a predetermine voltage, the converter is then switched off for a period determine by the pulse generator. During the plasma condition the output voltage will not reaches the predetermine voltage, but the converter will switched off after certain time. This interval is equal to the interval of the pulse generator wave form P as shown in Fig. 9 . The values of the components is as follow: Experimental results of the open circuit output voltage, and current through the primary of the transformer are shown in Fig. 10 . The short circuit voltage over the transformer, and the short circuit current through the primary of the transformer is shown in Fig. 10 . The experimental wave forms of the short circuit voltages, and the current through the primary of the transformer.
V. CONCLUSIONS.
Possible topologies using separate high current and high voltage converters were investigated having arc plasma power supplies in mind. The best series resonant converter circuit for the high voltage AC source to be connected in series with the main high current power supply Was identified. A burst control was introduced to reduce the heating of the core. The design, implementation and experimental results of a 500 kHz, 2 kV arc striking converter, suitable for welding application has been described.
